The plastic anisotropy was studied on aluminium sheets with layers of different purity (A: 5N and B: 2N+) produced by accumulative roll bonding (ARB). Both material layers show a contrasting recrystallization behavior where A and B are discontinuously and continuously recrystallized, respectively. Global textures were measured by neutron diffraction. The mechanical anisotropy was measured by tensile testing after different numbers of ARB cycles. The planar anisotropy decreases with the number of ARB cycles while the normal anisotropy reaches a plateau after 4 cycles. Simulations of the Lankford parameters were carried out with the help of the viscoplastic selfconsistent scheme (based on the global texture) and compared with the experimental data. Deviations of the simulated values from those of experiment are discussed with regard to throughthickness texture and material heterogeneities.
Introduction
Bulk ultrafine-grained (UFG) materials produced by accumulative roll bonding (for processing details see [1, 2] ) have very interesting mechanical properties [3] mainly because of a significant grain refinement (grain sizes smaller than 1µm). In contrast to conventional rolling due to repeated stacking and roll bonding shear strain is inserted into the material. Moreover, ARB has the potential for producing composites by applying ARB to sheets of different materials or ready-prepared sandwiches [4] . Because of its simplicity this process also has a high potential for industrial applications. During deep drawing of sheets there are unwanted effects of wall thinning and earing. These effects are influenced by the texture and can be quantified with the help of the Lankford parameter. Previously [5] , the anisotropy of aluminium sheets produced by ARB had been measured and simulated. In the present work, the sheets contain through-thickness deformation-induced heterogeneities due to the ARB process it-self and additional heterogeneities of materials and microstructures. The limits of the information given by the global texture measurements are tested and discussed by using the viscoplastic self-consistent polycrystal model to simulate the Lankford parameters.
Experimental Details
Aluminium sheets of high (99.999 wt% Al -labelled as A) and commercial (99.5 wt% Al -labelled as B) purity were annealed for 1 hour at 500°C. ARB was applied using a four-high rolling mill (Carl Wezel, Mühlacker, roll diameter = 32 mm) after wire brushing. The processing was performed up to 8 ARB cycles at ambient temperature without lubrication. For every cycle the orientation of the sheet halves was maintained, resulting in an asymmetric through-thickness distribution -AB after one cycle, ABAB after two cycles etc. The microstructure was observed with a Zeiss Ultra 55 scanning electron microscope. The global texture of the initial materials (A and B) and all laminates was measured by neutron diffraction (GKSS Research Center Geesthacht, Germany) on cubes of stacked ARB sheets with dimensions of (10 mm × 10 mm × 10 mm). From the measured (111), (200) and (220) pole figures the orientation distribution function (ODF) was calculated with the software Labotex (Labosoft s.c.) using the Arbitrary Defined Cells method. Tensile tests were performed with a Roell/Zwick 250 deformation machine at ambient temperature with a strain rate of 9.2 × 10 -4 s -1 . The tensile specimens with a gauge section of 35 mm were produced by spark erosion. The Lankford parameter r α was measured for 3 different directions (angle between tensile direction and rolling direction α є {0°; 45°; 90°}, referring to as r RD , r 45° and r TD , RD = rolling direction, TD = transverse direction). For all cycles and each direction at least 3 measurements were done. The strain was measured with the optical system Aramis (GOM mbH, Germany) yielding the elongation dε x and the width reduction dε y simultaneously. Assuming volume constancy the Lankford parameter r α is given by:
The normal anisotropy <r> and its variation ∆r, the planar anisotropy, are calculated by 
The measured Lankford parameter depends on strain, i.e. not reaching a constant value after a certain strain for most of the tensile tests. Therefore, the value at half of the fracture strain was used. All data given for the initial material B are taken from [5] . With 10,000 discrete orientations exported from the global texture, the Lankford parameter was simulated with the viscoplastic polycrystal self-consistent model [6] . Three values of the strain rate sensitivity index m є {0.05; 0.1; 0.2}, and possible non-octahedral slip by the index p є {1.00; 1.25; 1.50; 1.73} were tested, with p being the ratio of reference stresses for non-octahedral and octahedral slip, for more details see [5] .
Results and Discussion
The global textures of the initial materials and the laminates after different ARB cycles are presented by φ 2 = 45° ODF sections (Fig. 1a) . Fig. 1b shows the corresponding positions of the main texture components. The initial materials display a very strong cube recrystallization texture. Additionally, in B some remnants of Copper (Cu), Brass (Bs) and Goss (G) rolling orientations are present. After ARB the texture changes to a mixture of a typical rolling texture of face-centred cubic (fcc) metals, consisting of Cu, Dillamore (D), Bs and S orientations (S can be observed in the φ 2 = 65° ODF section) and the typical cube recrystallization plus a rotated Goss (RG) component. After 6 ARB cycles a noteworthy rotated Cube (C) component appears in the global texture. The C component is a shear texture component, which develops in the surface layer of rolled sheets due to friction with the rolls [7] . Unusual is the appearance of the Cube and RG components after large accumulated strains. To explain this, one has to take a look on the microstructure of the laminate (Fig. 2) . With increasing number of ARB cycles an ultrafine-grained structure develops in the B layers by continuous recrystallization [8] , while discontinuous recrystallization occurs in the A layers. b) After about three to four ARB cycles, the size of the recrystallized grains in the A layers is about the thickness of the layers. Thus, the recrystallization is limited in the normal direction (ND) leading to recrystallized grains elongated in RD and TD. A comparable microstructure was previously observed in [9] , where a laminate of commercial purity aluminium and an aluminium alloy containing Sc was produced by ARB. However, in [9] discontinuous recrystallization of the layers with higher purity was only achieved by heat treatment after ARB, whereas in the present work this structure is achieved by ARB processing at ambient temperature (an estimate of the elevated temperature due to adiabatic heating during the ARB process is about 70°C). Recrystallization of aluminium of very high purity at ambient temperature was already observed earlier [10] . This behavior is simply explained by the reduced pinning of grain boundaries in the high purity layers, leading to high grain boundary mobility, so that recrystallization can occur at (comparatively) low temperatures and small driving forces, despite the high stacking fault energy of aluminium. As the cube component is typical for recrystallization of fcc metals [11] , its appearance in the global texture, even after large accumulated strains is understandable. The measured and simulated Lankford parameters are plotted in Fig. 3 and Fig. 4 , respectively. The Lankford parameters, normal and planar anisotropy differ very much for the starting materials. With increasing number of ARB cycles the value of r TD decreases from 0.9 to 0.6, the value of r 45° monotonously increases from 0.3 to 0.7, while the value of r RD stays approximately constant at 0.5. Starting with a value of 0.5 after the first cycle the normal anisotropy reaches a plateau at 0.6 after 4 cycles, while the planar anisotropy decreases from 0.3 to a -0.1 until the 6 th cycle and changes sign at the 4 th cycle. The best deep drawing conditions are obtained for large normal anisotropy values and a planar anisotropy close to zero reducing thinning of the walls and minimizing earing, respectively. From Fig. 3 it can be concluded, that after 4 ARB cycles the most suitable conditions are achieved. The results of the simulations are compared with experiment in Fig. 4 . Even though the general trends of the simulations coincide with the experimental ones up to the 6 th cycle, the absolute values can be quite different, especially for r RD . Generally the simulations overestimate the experimental values, especially for r RD . An increase of the strain-rate sensitivity index decreases the simulated values of the Lankford parameters. A similar effect is observed for decreasing activity of nonoctahedral slip. Thus, the best simulation results are obtained for high strain-rate sensitivity and with only (111)<110> slip but r RD still is about 2 times higher. Obviously, qualitative simulation of plastic anisotropy of such heterogeneous sheets cannot be satisfactory simulated by using global textures. In [5] , the same measurements and simulations were performed for aluminium produced by ARB of single B material. There, the results of the simulations are closer to those from experiment, especially for the initial material and after 8 cycles. The deviations for cycles in between were attributed to the texture heterogeneities, especially to the shear texture near to the surface. The highest deviations in [5] were observed at r 45° and justified by the fact that the simulated r 45° was about the same for a texture composed by the copper component and a texture by both rotated cube and copper component. In the present work the global textures do not show any noteworthy rotated cube component up to 6 cycles. However, in contrast to [5] , now there is a dominant cube component localized in the recrystallized A layers. Considering the cube component crystallographically equivalent to the rotated cube rotated by 45° around ND, this may explain why the simulated Lankford parameters are strongly overestimated in r TD and particularly r RD . An additional difference is the discrete through-thickness distribution which is not comparable with a continuous gradient of the rotated cube component from surface to the middle of the sheet. Furthermore, the different hardness of the materials is not taken into account. It is understandable, that the deformation of the high purity aluminium layers requires less energy than that of the commercial purity ones. One possible approach to take this into account in the model may be achieved by weighting of the textures of the different materials. However this requires precise data on the local texture in each layer in order to get an exact separation of the global texture.
Summary
In this study it was demonstrated that laminates of different pure aluminium can be produced by ARB. In the high purity layers discontinuous recrystallization occurs, while the commercial purity layers form an ultrafine-grained structure by continuous recrystallization. The global texture and the mechanical anisotropy change with increasing number of ARB cycles. The viscoplastic polycrystal self-consistent model with the global texture as input predicts the trends of the changes of the plastic anisotropy. However the absolute values are not reproduced accurately enough. It is suggested that the special distribution of the texture and the different hardness of the layers has to be taken into account.
